Introduction
The closteroviruses and capilloviruses are diverse groups of structurally similar, flexuous, filamentous plant viruses. However, because of a lack of information of other than a morphological nature the taxonomy of these virus groups and of other similar elongated viruses has been somewhat confused, and to some extent is likely to remain so for some time.
The closterovirus group is characterized by extremely flexuous particles ranging in modal length from 600 to 2000 nm, depending on the virus; the clostero-prefix is derived from the Greek kloster, meaning thread or spindle. Closterovirus particles are uniformly about 12 nm in width and have an easily recognized 'open' structure (closterovirus structure and morphology have been reviewed by Tollin & Wilson, 1988) . The unipartite ssRNA genome is wound much less tightly in closterovirus particles than in other filamentous plant viruses, with a variability in helical pitch for individual virions suggesting relatively weak interactions between the particle subunits, possibly explaining their extreme flexibility. Together with the frequently phloem-limited nature of closterovirus infections and the fact that many can only be transmitted by their natural insect vector (see Murant et al., 1988) , these properties have contributed to the considerable difficulties often experienced in propagating and purifying the particles, and thus to our only limited knowledge of the organization and function of closterovirus genomes. One closterovirus (citrus tristeza virus; CTV) has the longest particles and largest genome of any ssRNA plant virus (2000 nm, approx. 20 kb, see Table 1 ), whereas other closteroviruses have only average particle lengths and genomes of only moderate size. A feature of infection by some closteroviruses is the production of many small membrane-bound vesicles, possibly containing dsRNA, which are often found in infected cells (Esau & Hoefert, 1971) . Such structures, first found associated with beet yellows virus (BYV) infections, have been termed BYV-type vesicles, and after much speculation as to their origin the membranes have recently been suggested to be derived from the mitochondria, at least for infections with grapevine leafroll virus (Kim et al., 1989) . This and other aspects of the cytopathology associated with closterovirus infection have been reviewed elsewhere (Lesemann, 1988) .
The capilloviruses (from the Latin capillus meaning hair), proposed as a separate virus group in 1978 (Salazar & Harrison, 1978) , are similar to closteroviruses but have particles of slightly greater diameter, smaller helical pitch and are slightly less flexuous (discussed by Milne, 1988) . The particles are of lengths similar to those of the shorter closteroviruses, and do not produce BYVtype vesicles. The morphological differences between closteroviruses and capilloviruses are however slight and hard to observe, especially as the length, width and appearance of particular closteroviruses and capilloviruses can vary considerably in different negative stains (discussed by Francki et al., 1985; see Tollin et al., 1992) . There are currently over 30 described closterovirus-like agents, with varying properties, and this short review attempts to collate the limited molecular biological information available for these viruses and the capilloviruses, focusing on the more recent and sometimes surprising discoveries, particularly for the closteroviruses, and pointing the reader to relevant reviews regarding other aspects of their biology.
The members of the closterovirus group are of considerable interest, as many cause severe economic losses in many areas of the world. The closteroviruses with the longer particles also pose interesting questions as to the necessity for the large genomes they contain. The small amount of sequence information presently available has suggested that these larger closteroviruses (Francki et al., 1991) . Most of the subgroup A viruses (like the capilloviruses below) have no known vector whereas most of the subgroup B/C viruses are transmitted either by aphids or whiteflies (see Murant et al., 1988) . Closteroviruses can also be divided according to their location in the infected plant and as to whether or not they produce the BYVtype vesicles often thought to be characteristic of closterovirus infections (see Table 1 ). These differences probably represent fundamental differences in the modes of replication of the particular viruses involved. Table 1 further shows (with a few anomalies) that subgroups B and C in combination may in future be thought of as the true closteroviruses and the subgroup A viruses, of which only one possible member induces the production of BYV-type vesicles, may require re-classification. The capillovirus group currently consists of the type member apple stem grooving virus (ASGV; Francki et al., 1991) (a former closterovirus) and potato virus T (PVT; Salazar & Harrison, 1978; Francki et al., 1991) . Citrus tatter leaf virus, Nandina stem pitting virus and lilac chlorotic leaf spot virus (LCLV) are described as possible capilloviruses (Nishio et al., 1989; Francki et al., 1991) , although LCLV has particles 1540 nm in length.
Serological relationships
Only limited serological relationships have been detected among the closteroviruses, and these are mainly restricted to subgroups B and C. However relationships have been established between BYV, carnation necrotic fleck virus (CNFV) and more distantly wheat yellow leaf virus (WYLV) (Inouye, 1976; Short et al., 1977) and between a number of closteroviruses isolated from carnations from various areas of the world (Bar-Joseph et al., 1976) . By size BYV and CNFV are members of subgroup B whereas WYLV is in subgroup C, again suggesting a probable close relationship between at least some members of the two subgroups. Grapevine A virus and heracleum latent virus in subgroup A have a distant serological relationship (Murant et al., 1985) and there is a strong serological reaction between apple stem pitting virus and pear vein yellows-associated virus (Giunchedi & Poggi Pollini, 1992) . The capilloviruses ASGV and PVT have been reported to be serologically related (Salazar & Harrison, 1978) , but no other relationships between possible capilloviruses and/or closteroviruses are known.
Newly discovered or recently recognized clostero-like viruses
Recently a number of closterovirus-like agents have been isolated for the first time or re-examined from a number of plant sources (see Table 1 ). However, of the characteristics investigated for these viruses, most are typical of either subgroup B/C viruses or of subgroup A viruses, and will therefore not be further discussed here. A number of viruses isolated from either apple or grapevine however have coat protein (CP) subunits with Mrs considerably larger than those of the other closteroviruses (35K to 48K rather than 20K to 27K; see Table 1 ).
The existence of viruses with this characteristic is somewhat confusing as all have the typical closterovirus morphology, but have CP subunits considerably larger than the structural proteins of any other filamentous plant virus. However the morphological similarities seen between some closteroviruses appear to have little direct relationship with the sequence of the CP as the capsid of ACLV, although grouping with other filamentous virus CPs in phylogenetic comparisons, has little sequence similarity to the CPs of either BYV or CTV (see later).
Genome organization
Until recently little was known of the organization of any closteroviral or capilloviral genome. However the entire nucleotide sequence of ACLV (German et al, 1990) , the sequence of the 3"-terminal half of the BYV genome (Agranovsky et al., 1991b) and the sequence of the CP gene of CTV (Sekiya et al., 1991) are now available. The sequences of the CP and some upstream sequence of a second strain of BYV has also been determined (Brunstedt et al., 1991) , and this is nearly identical to the sequence of the respective region of the first strain. Of the capilloviruses, the full sequence of ASGV is now known (Yoshikawa et al., 1992) . Clones have also been generated specific to the U.K. isolate of beet pseudoyellows virus (BPYV; Coffin & Coutts, 1992) and to a closterovirus associated with sweet potato virus disease (Winter et al., 1992) , but these sequences have yet to be reported. As might have been anticipated, the sequences of ACLV and ASGV, although at present tentatively placed in separate virus groups, show distinct similarities, as do the sequences of BYV and CTV (see Fig. 1 ). The BYV, ACLV and ASGV putative polymerase open reading frames (ORFs) group with the recently proposed supergroup III polymerases (Koonin, 1991) , the ACLV and ASGV polymerases being most similar to those of potexviruses, carlaviruses and tymoviruses, and the BYV polymerase being most related to those of cucumoviruses, bromoviruses and alfalfa mosaic virus. The CPs of all the viruses group with those of other filamentous viruses as defined by . The CP ORF of both ACLV and ASGV (Yoshikawa & Takahashi, 1992) is at the 3' terminus of the genomic RNA whereas that of BYV (and probably of CTV) is at an internal position. In comparison with the other filamentous viral CPs CTV CP is most similar to BYV CP whereas ASGV is most similar to ACLV, further suggesting, together with other genomic similarities, that each pair of viruses is closely related. The CPs of BYV and CTV, and of ACLV and ASGV each contain motifs unique to these pairings in a highly conserved region of filamentous virus CPs hypothesized to be involved in the formation of a salt bridge, and possibly vital for tertiary structure formation . This conservation is considerably greater between the individual members of each filamentous virus group than between the groups themselves and thus can to some extent serve to delineate group members (see Fig. 2 ). The fact that the similarities which can be seen in Fig. 2 between the pairs of flexuous viruses above, and which have also been noted separately by Boyko et al. (1992) and Yoshikawa et al. (1992) , are not present in the other filamentous viruses suggests that similar motifs possibly useful for future classification, may be found in this region in other related flexuous virus CPs when data become available.
BYV, as might be expected from the size of its genomic RNA, encodes an unusually large number of ORFs. Of the eight putatively encoded proteins only the CP has been positively identified and the polymerase ORF tentatively identified. The 65K and 64K ORFs exhibit a significant similarity to the HSP 70 and HSP 90 families of cellular heat-shock proteins respectively (Agranovsky et al., 1991a, b) which suggests that both gene products might be required for cell-to-cell movement in view of the recent finding that a number of putative plant viral movement proteins (MPs) bear a significant similarity to the HSP 90 proteins (Koonin et al., 1991) . This ATP modulation of behaviour is similar to that found in the binding of some genuine HSP 70 proteins to their targets. Microtubule binding is a novel property for a plant viral protein and it was proposed that 65K protein-mediated attachment of BYV ribonucleoproteins to microtubules may allow translocation of complexes towards and/or through plasmodesmata in vivo. An NTPase and possible helicase activity has also been suggested, using sequence comparisons, for the unrelated but similarly genomically placed approximately 25K ORFs of potexviruses and carlaviruses (Gorbalenya et al., 1988; Forster et al., 1988; Morozov et al., 1989 ). The BYV 6.4K protein appears similar to the approximately 14K central triple gene block proteins of potexviruses and carlaviruses (Agranovsky et al., 1991 b) , all of which are necessary for movement in white clover mosaic potexvirus infections (Beck et al., 1991) and thus probably for the other viruses in these groups. The BYV 24K ORF is a diverged duplicate of the CP (Agranovsky et al., 1991 b; Boyko et al., 1992) , and a similar duplication is also present upstream of the CP of CTV (see Boyko et al., 1992) . However the CP duplicate is probably not a component of BYV virions although it does share common structural motifs and folding patterns with both CTV CP and BYV CP, including the possible ability to form a salt bridge between the residues described by , and may retain an RNA-binding capability (Boyko et al., 1992) . The function of the 24K ORF is unknown, although the conservation of common structural motifs between the respective proteins of CTV and BYV would suggest a necessary and similar role in the replication cycle of both viruses. This arrangement of seemingly duplicated genes also illustrates one of the mechanisms involved in the evolution of viral RNA genomes with, in this case, duplication apparently followed by divergence and the acquisition of new functions. The functions of the 20K and 21K ORFs present in BYV RNA are also at present unknown, their encoded proteins having no apparent similarity to any other previously characterized sequences. No speculations have been made as to the possible functions of these ORFs, although one or more viral gene products may be expected to be necessary for insect transmission.
The 50K ORF of ACLV has some similarities with the cauliflower mosaic virus (movement-associated) gene I (German et al., 1990) , and groups with the proposed family I MPs (tobamoviruses, tobraviruses, comoviruses, caulimoviruses and geminiviruses; Koonin et al., 1991) . Thus unlike BYV, the genome of ACLV appears to contain only the minimum number of ORFs necessary for a plant virus to multiply and spread, with only a CP, a MP and a replicase gene. ASGV shows a genome organization very similar to ACLV, however with one fundamental difference (see Fig. 1 ). The polymerase and CP coding regions, which can easily be identified by high levels of similarity throughout the respective ORFs in ACLV, are encoded as a polyprotein connected by an intervening coding region of unknown function and with no similarities to the analogous region of ACLV, and in which no similar putative ORF can be identified. The 36K ORF of ASGV contains some motifs found in serine proteases and it was suggested that this protein may possess a protease activity responsible for processing the large polyprotein (Yoshikawa et al., 1992) . Unfortunately however, these sequence comparisons are by no means convincing, and the suggestion of any protease activity is highly speculative. Moreover the putative CP region (which when expressed in Eseherichia coli reacts with antiserum to purified ASGV) contains a suitably positioned methionine codon in the region of its potential start as compared to ACLV, in moderately good context for expression (Lutke et al., 1987) , suggesting the ORF could be expressed separately from a suitable subgenomic (sg) RNA. Searches (this work) of the SWISSPROT and OWL databases using the BLAST programs (Altschul et al., 1990) show a significant alignment of the N-terminal two-thirds of the 36K ORF with the putative movementassociated 50K protein of ACLV, including those areas identified as being conserved in the family I movement proteins by Koonin et al. (1991) , with lower levels of similarity thereafter [50"8 % similarity along the length of the 36K ORF using the UWGCG GAP program (Devereux et al., 1984) ]. There were no significant alignments with other proteins and it would thus seem likely that the two proteins fulfil a movement function in the replication cycle of both viruses, although an additional protease activity for the ASGV protein cannot be ruled out. In vitro translation of ASGV genomic RNA showed the production of a 200K product and a ladder of less prominent smaller products (Yoshikawa & Takahashi, 1992) . The 200K product could be precipitated with CP antiserum, but unlike free CP, could not be detected in vivo. Thus both sequence information and in vitro translation provide evidence that some protein processing may occur in the expression of the ASGV genome, at least for the CP, although further work to clarify this will be needed. In contrast ACLV appears to express its very similar encoded ORFs entirely by the use of sgRNAs (discussed further below).
Terminal structures of the genomic RNA
BYV genomic RNA is not polyadenylated and does not possess a tRNA-like structure at the 3' terminus (Karasev et al., 1989; Agranovsky et al., 1991b) . However the 3' terminus of BYV can be folded into a pair of stable stemloops. The 5' terminus is thought not to be linked to a VPg and is probably capped (Karasev et al., 1989) . CTV genomic RNA is also thought not to be polyadenylated (see German et aL, 1990) . The 3' termini of ACLV and ASGV are both polyadenylated (Yoshikawa & Takahashi, 1988 ), but the Y-terminal structures are not definitively known although ACLV genomic RNA is thought to be capped (Hansen, 1979) .
dsRNA
Plants infected with clostero-like viruses contain a variety of dsRNA species (Dodds & Bar-Joseph, 1983 ; see Fig. 3 ). dsRNA extracts from plants infected with the subgroup B/C closteroviruses BYV, CNFV (which are serologically related) and CTV exhibit very similar patterns. Extracts of plants infected with different strains of CTV have distinguishable dsRNA patterns which can be used to differentiate between them (Dodds et al., 1987; Guerri et al., 1991 ; Moreno et al., 1990) , but all the patterns are broadly similar in the number and spacing of the major bands, dsRNA has also been isolated from a number of other clostero-like virus infections including plants infected with grapevine corky bark, a virus German et al., 1992) . (b) PAGE (Dodds & Bar-Joseph, 1983) . associated with pineapple wilt, a virus associated with sweet potato virus disease, grapevine leafroll virus, lettuce infectious yellows virus and BPYV (Namba et al., 1991 ; Gunasinghe & German, 1989; Winter et al., 1992; Hu et al., 1990; Larsen et aL, 1991; Coffin & Coutts, 1990) . Extracts of these plants all contain one high Mr dsRNA species and in some cases a number of species of lower M r in a pattern not dissimilar to that found with BYV, CTV or CNFV infections. These patterns are often suggestive of the possible expression of internal ORFs by the production of sgRNAs and, although none are encapsidated, five such RNA species can be detected in Northern blots of extracts of BYV-infected plants (Dolja et al., 1990) .
ACLV on the other hand produces a distinct dsRNA pattern in comparison with the viruses above, with two major bands of slightly less than genome size, a fainter band of genome size and a number of other smaller fainter bands (Dodds & Bar-Joseph, 1983) . Identical dsRNA patterns are induced by five isolates of the virus (German et al., 1992) . Using cDNA probes to various regions of the ACLV genome a total of six dsRNAs (I to VI) were detected and mapped to particular areas of the genome. Surprisingly dsRNAs I and II were 5' coterminal with the genomic RNA, whereas dsRNA VI mapped to an internal position. It was thus suggested that dsRNA I is the replicative form (RF) of the genomic RNA and that dsRNAs IV and V were double-stranded equivalents of sgRNAs responsible for the expression of the MP and CP respectively. The other dsRNAs, II, III and VI, were proposed as being produced by a previously unsuspected mechanism of polymerase stalling at the sites of the initiation of sgRNA synthesis, possibly by a steric hindrance of bound polymerase complexes or newly synthesized RNA. Whether these dsRNA species have any function in vivo, which could be a regulatory or a mRNA activity, or whether they are merely a byproduct of RNA replication has yet to be determined although examination of gel photographs from previous studies of dsRNAs extracted from plants infected with carlaviruses and potexviruses suggested that similar mechanisms may also occur during infection with these viruses. Sequences conserved and similarly placed in the regions upstream from the CP and upstream from the putative MP were identified, and these were suggested to be the promoters for sgRNA synthesis. However no similarity was found between these sequences and those previously identified as having a similar function in the infection cycle of other viruses and similar sequences are not present upstream of the ORFs found in ASGV RNA. dsRNA extracted from ASGV-infected tobacco plants gives a pattern of virus-specific bands somewhat similar to that found for ACLV (Yoshikawa & Takahashi, 1988) , although these species have not been analysed in detail, dsRNA isolated from plants infected with Diodia vein chlorosis virus (DVCV; Larsen et al., 1991) and grapevines with Rupestris stem pitting disease (rSP; Azzam & Golino, 1991) , which may possibly be caused by grapevine virus A (GVA) or a similar virus, also show two disease-specific bands similar in size to the expected RF. DVCV-infected plants also show a prominent low M r species. However although GVA is associated with stem-pitting symptoms, no closteroviruslike particles have been isolated from rSP-affected plants and the disease could not be transmitted to an indicator host of GVA infection (Nicotiana clevelandii) (Azzam & Golino, 1991) .
In vitro translation
In vitro translation of sucrose density gradient-fractionated RNA from purified BYV produces a major product of 250K which is presumed to be the translation product of the extreme 5' ORF, together with a slightly less prominent ladder of smaller products (Karasev et al., 1989) . No product similar in size to the CP was detected. RNA extracted from purified ACLV, which consists only of genomic length RNA, directs the synthesis of two major proteins of 105K and 51K with a number of slightly less prominent products of intermediate size also being found (Yoshikawa & Takahashi, 1989) . A very much fainter 23K product, consistent in size with the CP, was also produced and may have been generated by cleavage of a 28K product. Both of these polypeptides were precipitated by antisera raised against the purified virus. This pattern of products is not dissimilar to that found following translation of ASGV RNA (see earlier), or indeed BYV RNA, which although not generating free CP did produce a somewhat similar ladder of products. Both these findings are also not dissimilar to the variable patterns of products produced by in vitro translation of the genomic RNAs of individual potexviruses or other uni-component viruses which in vitro produce large, presumably polyprotein products, but in vivo express their encoded ORFs by the use of sgRNAs or by other strategies. However, as discussed earlier, sequence information does point towards a possible partial polyprotein processing expression strategy for ASGV in vivo. In vitro translation of the dsRNAs associated with CTV infection (strains VT and ST; Dulieu & Bar-Joseph, 1990 ) reproducibly yielded products only from the smallest fragments (0-8 and 1"7 kb). The 0"8 kb fragment produced a 27K polypeptide which could be precipitated with an antiserum raised against purified virus, whereas the 1.7 kb species produced a major 21.5K product together with much smaller amounts of the 27K product. Purified genomic CTV RNA has also been translated in vitro (Nagel et al., 1982) with the production of small amounts of CP, a major product of 50K and other minor products of 65K and 33K. This result is somewhat different to that reported for BYV genomic RNA or the other viruses mentioned above, although the differences could be explained by fragmentation of the CTV RNA (or indeed fragmentation of the other RNAs mentioned) during preparation or differences in the particular systems used for in vitro translation.
In summary, it appears that BYV and CTV belong to a closely related group of viruses most importantly due to the similarity between the CP and CP duplicate sequences encoded by the two viruses. On the basis of the very similar dsRNA patterns generated in infected plants, the production of BYV-type vesicles, and the serological relationships between BYV, CNFV and WYLV this close relationship probably extends to CNFV and WYLV at least, and possibly to other subgroup B/C viruses. ACLV on the other hand, as has often been suggested, although being structurally similar, appears to belong to a separate virus group and is much more closely related to ASGV and thus probably to the other capilloviruses. Although it has previously been suggested that ACLV should be placed in its own virus group, transfer of it and possibly some other subgroup A viruses to the capillovirus group (or a subgroup, bearing in mind the possible differences in expression strategy of ASGV and ACLV) will probably be found to be a suitable taxonomic solution. Sequence data for other members of the capillovirus group and especially the other subgroup A closteroviruses are needed to clarify the situation. The functions of the gene duplications and various ORFs apparently unique to closteroviruses identified in the BYV genome (and to a lesser extent so far in CTV), and which will probably be identified in other related closteroviruses, will provide interesting subjects for study and may provide novel solutions to common virological problems. These studies should also offer an explanation for the basis of the large differences in coding capacity between the RNAs of some of the otherwise apparently closely related closteroviruses (even CTV and BYV have a difference in genome size of some 6 kb) and may provide an insight into mechanisms of viral evolution applicable to other virus groups.
